Abstract. Recent advances in the understanding of microRNA have rendered microRNAs (miRNAs) a compelling novel class of biomarker in cancer biology. However, the specific function of miRNA-18a (miR-18a) in colorectal cancer (CRC) remains unclear. In the present study, the role of miR-18a in the carcinogenesis of CRC was investigated. miR-18a expression was assessed in CRC specimens and cell lines using reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The targets of miR-18a were predicted using bioinformatics tools. Luciferase reporter assays were used to confirm the functional association between miR-18a and its target genes. The effect of miR-18a on cell proliferation, invasion and migration was confirmed in vitro by a methylthiazol tetrazolium assay, cell invasion assay, and wound healing assay. Gene and protein expression was examined using RT-qPCR and western blotting, respectively. It was demonstrated that the expression of miR-18a in CRC tissues and cell lines was markedly lower than in normal control tissues and cells, respectively. In addition, miR-18a inhibited cell proliferation, invasion and migration in CRC cells. Moreover, TATA box-binding protein-like protein 1 (TBPL1) was identified as a potential target gene of miR-18a in the bioinformatics analysis and luciferase reporter assays, and miR-18a directly inhibited TBPL1 expression by targeting its 3'-untranslated region. Furthermore, TBPL1 was downregulated and inversely correlated with miR-18a expression in tissues. These findings demonstrate that miR-18a exhibits a protective role in CRC via inhibiting proliferation, invasion and migration of CRC cells by directly targeting the TBPL1 gene.
Introduction
Colorectal cancer (CRC) is one of the most common types of malignant cancer and is the third leading cause of cancer-associated mortality worldwide (1) . As is common with all cancers, the overwhelming cause of fatality in patients with CRC is metastasis, a complex series of multiple sequential steps during which primary cancer cells acquire an invasive phenotype enabling them to translocate from the primary tumor to a distant organ and form a secondary tumor (2) . Tumor invasion and metastasis are parts of a complicated process in which the tumor grows, then detaches from the primary site and metastasizes to a distant organ. Aberrations in protein-coding genes have been widely accepted to be critical in the pathology of CRC, including oncogenes and tumor suppressor genes (3) . The underlying molecular mechanism of metastasis is yet to be elucidated. Thus, there is a growing need to understand the molecular pathogenesis underlying CRC. Over the last decade, microRNAs (miRNAs) have emerged as key players in carcinogenesis. Aberrant expression of miRNAs has been demonstrated to be critical in the initiation and progression of several types of human cancer through post-transcriptional regulation of gene expression (4) (5) (6) .
miRNAs are emerging as regulators of metastasis by acting on multiple signaling pathways (7) . miRNAs are noncoding RNAs of 18-24 nucleotides that inhibit translation or induce mRNA decay through binding to the 3'-untranslated regions (3'-UTRs) of their target RNAs (8, 9) , influencing processes such as tumor cell proliferation, differentiation, apoptosis and invasion (4, 7, 10) . Recently, a series of studies has revealed that miRNAs regulate various genes that are pivotal in the process of tumor progression (11, 12) . It has specifically been shown that miRNAs are important in the development of CRC. In CRC miRNAs exhibit oncogenic or tumor suppressive roles by directly regulating oncogenes or tumor-suppressor genes (13, 14) . Several studies have indicated the role of miRNAs in regulating tumor invasion and metastasis in CRC. For example, miR-133a represses tumor growth and metastasis in CRC by targeting LIM and SH3 protein 1 (LASP1) and inhibiting the mitogen-activated protein kinase pathway (15) . Additionally, miR-132 inhibits CRC invasion and metastasis via directly targeting ZEB2 (16) . miR-103/107 promotes metastasis of CRC by targeting the metastasis suppressors Death-associated protein kinase (DAPK) and Kruppel-like factor 4 (KLF4) (17) .
However, miR-18a has instead been reported to suppress cell proliferation in T24 bladder cancer cells (18) . Recently, the diagnostic value of circulating miR-18a in the plasma was reported for pancreatic cancer (19) . Therefore, miR-18a may exhibit different roles in various types of cancer through different targeted genes. However, the role of miR-18a in CRC progression and metastasis remains largely unclear.
The present study aimed to examine the role of miR-18a in the progression of CRC, and, to clarify the molecular mechanism by which miR-18a promotes malignant tumor progression. Efforts to elucidate the association between miR-18a and TBPL1 are also included in the present study. In addition, the present study aimed to provide a novel miRNA and target gene for cancer therapy.
Materials and methods
Cell lines and clinical specimens. Human SW620 and HCT116 CRC cell lines were obtained from the Cell Bank of the Type Culture Collection (Shanghai, China). All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco Life Technologies, Carlsbad, CA, USA) in a humidified 37˚C incubator supplemented with 5% CO 2 . The medium was changed every 2-3 days, and the cells were trypsinized (Mingzhu Chemical Co., Shanghai, China) when 80-90% confluence was reached.
Twenty-five CRC tissue samples and adjacent normal colon tissue samples were collected directly after surgical resection at the First Affiliated Hospital of Zhengzhou University (Zhengzhou, China). The NCM460 normal colonic epithelial cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). All patients had a histological diagnosis of CRC. Following resection, all specimens were immediately frozen in liquid nitrogen and stored at -80˚C until RNA extraction. Approval for this study was obtained from the Ethics Review Committee of the Institutional Review Board of the First Affiliated Hospital of Zhengzhou University and informed consent was obtained from each patient.
RNA isolation and RT-qPCR analysis.
Total RNA from the tissues and cells was extracted using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA quality and concentration were determined using the Nanodrop 2000 system (Thermo Fisher Scientific, Wilmington, NC, USA). To analyze gene expression levels, 5 µg RNA was reverse transcribed to cDNA using a PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). Mature miR-18a and U6 levels were quantified with TaqMan miRNA assays (Applied Biosystems, Foster City, CA, USA). TBPL1 and β-actin mRNA levels were determined by RT-qPCR using the SYBR Green Master mix on the HT 7500 System (Applied Biosystems). The PCR primers for TBPL1 were 5'-CCT CTT CCC ACG GAT GTG AT-3' (sense) and 5'-GAG TCC AAT GTG CAG CAGT-3' (reverse). The qPCR cycle was as follows: 98˚C for 2 min, 40 cycles of 95˚C for 15 s and 60˚C for 30 s. The final melting curve analysis (60-95˚C) was included. The relative expression levels of each gene were calculated and normalized using the 2 -ΔΔCt method relative to U6 or β-actin. All of the reactions were run in triplicate.
Western blot analysis. Cells were lysed with radioimmunoprecipitation assay lysis buffer containing protease inhibitors (Roche, Indianapolis, IN, USA). Protein concentrations were determined using a Pierce Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific, Logan, UT, USA). Equal quantities of proteins were loaded and separated on 10% SDS-PAGE and then transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). Non-specific protein interactions were blocked by incubation with 3% fat-free milk in Tris-buffered saline buffer (containing 150 mM NaCl and 50 mM Tris-HCl, pH 7.6) at 4˚C for 1 h. The membranes were incubated with the following primary antibodies at 4˚C overnight: Rabbit anti-human TBPL1 polyclonal antibody (cat. no. ABIN1875056; 1/1,000; Antibodies Online, Atlanta, GA, USA) and mouse anti-human GAPDH monoclonal antibody (sc-365062; 1/2,000; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Unbound antibody was removed by washing in TBS with Tween-20 (Sigma-Aldrich, St. Louis, MO, USA) buffer (TBST) three times (10 min/wash). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (Zhongshan, Beijing, China) at 25˚C for 1 h, followed by washing with TBST buffer three times (10 min/wash). The blots were developed with the enhanced chemiluminescence reagent (Millipore). GAPDH was used as an internal control.
Oligonucleotide transfection. Cells were transfected with oligonucleotides using Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions. The miR-18a mimic, miR-18a inhibitor and negative control (NC) oligonucleotides were purchased from Ribobio (Guangzhou, China). The cells were plated in a six-well plate one day prior to transfection. All cell transfections were performed with the miR-18a mimic (miR-18a inhibitor) or NC (50 nmol/l). Transfections were conducted in triplicate. Cells were observed by inverted microscopy (Nikon TE 300, Nikon Inc., Melville, NY, USA) 24 h after transfection. Oligonucleotide expression was confirmed by RT-qPCR.
Methylthiazol tetrazolium (MTT)
assay. An MTT assay was performed to quantify CRC cell viability following transfection with the miR-18a mimic, miR-18a inhibitor or NC. Following incubating the cells for 36 h at 37˚C in a humidified 5% CO 2 atmosphere, the cells were stained with 100 µl sterile 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (0.5 mg/ml; Sigma-Aldrich) for 4 h at 37˚C. The culture medium was then removed and formazan crystals in the cells were solubilized using dimethyl sulfoxide (Sigma-Aldrich) with shaking of the plate for 30 min. The absorbance was measured at 570 nm with a spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA). All experiments were performed in triplicate.
Cell invasion assay. Cell invasion was determined using 24-well Transwell chambers coated with Matrigel (BD Biosciences, Bedford, MD, USA). The cells (5x10 4 cells suspended in 500 µl of serum-free medium) were added to the upper chamber of the inserts, which were coated with a Matrigel mix; fetal bovine serum (500 µl) was added to the bottom chamber as a chemoattractant. After 24 h, the non-invading cells on the upper surface were removed and the cells that had invaded the bottom side of the membrane were fixed with methanol, stained with 0.1% crystal violet (Shanghai Chemical Reagent Company, Shanghai, China), air dried and subjected to digital image acquisition Olympus BX51 fluorescence microscope (Olympus Optical Co., Tokyo, Japan). The number of invasive cells was evaluated in five independent fields under a microscope. The mean of triplicate assays for each experimental condition was determined.
Wound healing assay. After transfection with the miR-18a mimic, miR-18a inhibitor or NC (5.0x10
5 cells per well), the cell lines were seeded into 6-well plates (Corning, Corning, NY, USA) for 24 h and allowed to grow to 90% confluence. Linear scratch wounds were then created (in triplicate) on the confluent monolayer using a pipette tip and the cells were cultured in the same medium without FBS. Immediately after wounding (time 0) and at 48 h, images were captured using a digital camera mounted on a light microscope (Axiophot; Carl Zeiss, Oberkochen, Germany). The width of the wound gap was measured using NIH Image J 1.61 analysis (National Institutes of Health, Bethesda, MA, USA) and normalized to the width at time 0 for four independent experiments.
Vector construction and dual-luciferase reporter assay. The potential miR-18a targets were predicted and analyzed using three publicly available algorithms: PicTar (http://www.pictar. org/cgi-bin/PicTar_vertebrate.cgi), TargetScan (http://www. targetscan.org/) and microRNA.org (http://www.microrna. org/microrna/home.do). The number of false-positive results was decreased by accepting only putative target genes that were predicted by at least two programs. The 1.77 kb 3'-untranslated region (UTR) of human TBPL1 was amplified from a human cDNA library using PCR and cloned into a pGL3 Vector (Promega Corporation, Madison, WI, USA) to generate the Wt-pGL3-TBPL1-3'-UTR vector (WT vector). The following primers were used: Forward: 5'-CTC TCT AGA CTC AAA AGA AAA CTG GAC CAAC-3'; and reverse: 5'-CTC TCT AGA TGC ACA TTC AAT TGA AAA A-3'. Site-directed mutagenesis of the miR-18a target site in the TBPL1 3'-UTR was performed using mutation primers to generate the Mut-pGL3-TBPL1-3'-UTR vector (Mut vector). After cells were plated in a 12-well plate at ~80% confluence, the experiments were conducted in two parts. Firstly, cells were co-transfected with the WT vector and 30 nM miRNA NC, miR-18a mimic or miR-18a inhibitor. In addition, cells were co-transfected with miR-18a mimic and the pGL3 vector, WT vector or Mut vector. Each sample was also co-transfected with 0.05 µg phRL-null plasmid expressing Renilla luciferase (Promega Corporation) as an internal control for transfection efficiency. Cell transfection was performed using Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions. A luciferase assay was performed 48 h after transfection using the Dual Luciferase Reporter Assay system (Promega Corporation), and each experiment was repeated in triplicate.
Statistical analysis. Data are expressed as the mean ± standard deviation from at least three independent experiments. The significance between groups was analyzed using Student's t-test. All statistical analyses were performed using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). Spearman's correlation test or the χ 2 test were also conducted. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-18a is significantly downregulated in CRC cell lines and CRC tissues.
According to the miRNA array data from the patients with CRC, miR-18a was found to be significantly downregulated in CRC tissues compared with their (Fig. 1A) . To confirm this, miR-18a levels were measured in the 25 CRC tissues by RT-qPCR.
The results showed that miR-18a was downregulated in cancer tissues compared with normal controls (Fig. 1B) . To further confirm that this phenomenon is consistent and common in CRC cell lines, the expression of miR-18a in two CRC cell lines and a NCM460 normal colonic cell line was detected by RT-qPCR. As shown in Fig. 1C , miR-18a was downregulated in CRC cell lines compared with the NCM460 normal colonic cell line. These data revealed that the expression of miR-18a was universally downregulated in CRC cells and in patients with CRC, indicating that increased miR-18a expression may contribute to the malignant phenotype and development of the tumor.
miR-18a inhibits CRC cell proliferation.
To investigate whether miR-18a is involved in the progression of CRC, an MTT assay was conducted to determine the effect of miR-18a on cell proliferation in SW620 and HCT116 cells transiently transfected either with miR-18a mimic or inhibitor. It was revealed that miR-18a inhibited cell proliferation in these two cell lines. As shown in Fig. 2 , the increased expression of miR-18a significantly suppressed cell proliferation in SW620 ( Fig. 2A) and HCT116 (Fig. 2B ) cells (P<0.05). Correspondingly, after transfection with miR-18a inhibitors, cell proliferation was increased compared with the control group. These findings demonstrate that miR-18a expression significantly reduced the proliferation of SW620 and HCT116 cells.
miR-18a suppresses CRC cell invasion and migration in vitro.
In light of the findings described previously, it was hypothesized that miR-18a could inhibit cell invasion by CRC. Two cell lines, SW620 and HCT116, were transfected with the miR-18a mimic to overexpress miR-18a, or transfected with the miR-18a inhibitor to knockdown endogenous miR-18a. As expected, overexpression of miR-18a decreased CRC cell invasion. By contrast, knockdown of miR-18a significantly increased the invasiveness of the CRC cells (Fig. 3A) . Similarly, the wound healing assay demonstrated that overexpression of miR-18a markedly reduced the migration of CRC cells, and knockdown of miR-18a in CRC cells increased wound healing (Fig. 3B ). These observations suggest that miR-18a significantly promotes in vitro migration and invasion of CRC cells.
TBPL1 is identified as a direct target of miR-18a.
It is well-known that miRNAs exert their function through suppressing the expression of their target genes. To better understand the molecular mechanisms of miR-18a, bioinformatics analyses was performed using the miRNA target analysis tools PicTar, TargetScan and microRNA.org in order to predict putative miRNAs binding to the TBPL1 3'-UTR. According to the analysis, all three programs predicted that a binding sequence in the 3'-UTR of TBPL1 was a good match for the miR-18a seed (Fig. 4A) . The bioinformatics analysis thus indicated a potential functional link between TBPL1 and miR-18a.
Furthermore, a luciferase reporter assay was performed to further confirm whether miR-18a can directly target the 3'-UTR region of TBPL1 in CRC cells. The TBPL1 wild-type 3'-UTR containing the miR-18a-binding site and a mutated TBPL1 3'-UTR sequence were cloned into modified pGL-3 luciferase reporter vectors, which were co-transfected into SW620 cells together with NC, the miR-18a mimic, or the miR-18a inhibitor. As shown in Fig. 4B , miR-18a overexpression significantly reduced the luciferase reporter activity by the TBPL1 3'-UTR in a consistent manner, and inhibition of miR-18a had the opposite effect. However, TBPL1 3'-UTR luciferase reporter activity was unaffected by point mutations in the miR-18a-binding seed region. Collectively, these data suggest that miR-18a may inhibit post-transcriptional TBPL1 expression by targeting its 3'-UTR. As predicted, western blot analysis showed that, at 48 h after transfection, the enhanced miR-18a in SW620 cells significantly repressed TBPL1 protein expression compared with cells transfected with a scrambled control. By comparison, downregulation of miR-18a by inhibitors in SW620 cells led to a moderate increase in the TBPL1 mRNA level (Fig. 4C ). In addition, apparent alterations in TBPL1 protein expression were also observed (Fig. 4D) . Together, these data provide strong evidence that TBPL1 is a specific target of miR-18a in CRC cells.
Discussion
CRC is a highly malignant tumor that leads to >600,000 fatalities worldwide annually (20) . Therefore, it is important to investigate and validate novel biomarkers that are involved in CRC development. Deregulation of miRNAs has been observed in various types of human cancer (21, 22) ; however, the molecular mechanisms by which miRNAs modulate carcinogenesis and cancer progression remain unclear. Metastasis is the major reason for a poor prognosis in CRC, and increasing evidence supports the contribution of miRNAs to cancer progression. miRNAs have been found to be involved in the regulation of multiple pathological processes that contribute to tumorigenesis. A number of miRNAs have been identified that regulate tumor metastasis (23, 24) . Recent studies have increasingly linked microRNAs to CRC. Although aberrant expression of several miRNAs occurs in CRC metastasis, such as miR-7 (25), miR-29a (26), miR-132 (16), miR-103 and miR-107 (17), and miR-143 (27) , novel candidates with a definite molecular mechanism that are involved in promoting CRC metastasis require further investigation. The pathological role and regulatory mechanism of miR-18a in the development and progression of colorectal cancer still remain unclear. In a previous study, overexpression of miR-18a in the plasma of patients with pancreatic cancer as compared with healthy individuals was revealed, suggesting that miR-18a may be involved in pancreatic tumorigenesis (19) . Conversely, it was reported that miR-18a * can suppress K-Ras to inhibit tumor growth (28) . Recent findings have shown high level expression of miR-18a in breast (29) , bladder (18) and pancreatic (19) cancer. In the present study, miR-18a expression was markedly downregulated in CRC cells and clinical tissues samples compared with normal colonic cells and adjacent noncancerous tissues from the same patient, respectively. Until now, no functional evidence of such a role has been documented. The present study aimed to identify the role of miR-18a in CRC by investigating its effects on cell proliferation, migration and invasion. It was demonstrated that overexpression of miR-18a could effectively reduce CRC cell growth, migration and invasion in vitro, whereas knockdown of miR-18a expression promoted CRC cell proliferation, migration and invasion. Although the precise mechanisms are not fully understood, these findings nevertheless suggest that miR-18a may be important in the proliferation of CRC.
Generally, miRNAs function as posttranscriptional repressors that exert their biological function by suppressing their target genes. Each miRNA can potentially downregulate a number of target genes through binding their 3'-UTRs. In the present study, predicted by bioinformatics analysis and validated by luciferase reporter gene assay, TBPL1 was identified as the major regulatory target of miR-18a. Thus, it was deduced that miR-18a may function by interacting with the TBPL1 gene. Consistent with this hypothesis, RT-qPCR and western blot analysis demonstrated that miR-18a could 
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A decrease the expression of TBPL1 at the mRNA and protein levels. In addition, inhibiting miR-18a expression could increase TBPL1 expression. A luciferase assay also showed that miR-18a could interact with the 3'-UTR of TBPL1. These observations indicate that TBPL1 is a bona fide miR-18a-targeted gene. Further investigations are required to identify and characterize other miR-18a targets in order to fully elucidate the functional role of miR-18a in CRC development, progression and metastasis.
In conclusion, the results showed that miR-18a, acts as an oncogenic miRNA, significantly reducing TBPL1 expression, which subsequently inhibits CRC cell proliferation, migration and invasion by its functional target TBPL1. The results of this study indicate that miR-18a may exhibit a suppressive role in the development and progression of CRC. To the best of our knowledge, this study is the first to reveal a novel gene, TBPL1, as a target for miR-18a in CRC. This may be used as a potential biomarker or target for CRC diagnosis and chemotherapy. Further exploration of the molecular link between miR-18a and TBPL1 may advance our understanding of the intricate molecular regulation of CRC cells and may provide novel targets for anticancer treatment.
